In recent years, properties of high temperature superconducting (HTS) tapes, especially in-field performance and mechanical strength, have been continuously improved. The HTS tapes have been widely used for high field (>20 T) magnet researches and there are several technical challenges including field attenuation of an HTS magnet by screening currents induced within the HTS tapes. Several publications reported that the screening currents, induced by penetration of self magnetic fields into 2 HTS tapes within an HTS magnet, weakened a field constant of the HTS magnet. The result may demonstrate that the screening current changes an overall current density distribution in HTS tapes and, as a consequence, the generated magnetic field. Therefore, it is necessary to investigate the screening current distribution in an HTS tape. This paper reports numerical simulation of the screening current distribution in an HTS tape of high field magnets using 2D finite element method with the E-J characteristic of the HTS tape taken into account. Self magnetic field distribution and its orientation to the HTS tape are also considered to compute critical currents and locally generated electric fields, two key components to figure out the distribution of screening currents.
Introduction
In an HTS (High Temperature Superconducting) magnet, especially wound with "tape-shaped" conductors, perpendicular components of generated magnetic fields induce screening currents in HTS conductors. On the other hand, the screening currents are hardly induced in MgB 2 conductors since the cross-section of MgB 2 conductors is generally round with a very small diameter. When a total current consisting of screening and transport currents exceeds a critical current in a local spot of the HTS conductor, an electrical resistance appears according to E-J characteristics of the HTS conductor though the transport current does not exceed the critical current. The appearance electrical resistance attenuates the transport current, and then it also decreases the magnetic field [1] [2] [3] . Consequently, it is difficult to generate a desired magnetic field and to predict a generated magnetic field unless the power supply keeps connecting to the HTS magnet. It is, therefore, important to investigate the screening current distribution .
To investigate such a phenomenon, we have developed a simulation code to compute the distribution of screening current and transport current for HTS magnets wound HTS tapes. The developed code was based on a 2D finite element method (FEM) and the Biot-Savart law.
Simulation Method
The governing equation for computing current density distribution in an HTS tape is as follows: (1) where E and B are the electric field and the magnetic field, respectively. Introducing
where  is the equivalent electrical resistivity of high T c superconductor. Here, the HTS tape is thin enough so that it is possible to consider the current density distribution as a 2D phenomenon. Consequently, using the z-component of the current vector potential T z and the magnetic field B z , Eq. (2) yields
In addition, the current vector potential separates to those caused by the transport current T t and the screening current T s (
where B  is the magnetic field perpendicular to the HTS tape surface. The HTS tape is thin enough so that it is supposed that the transport current I is not influenced by time-varying magnetic field. Consequently, Eq. (4) can be divided to
Eqs. (5) and (6) are separately solved by the 2D FEM, where the electrical resistivity  is computed by taking into account the E-J characteristic based on the percolation model [4] . The perpendicular self magnetic field B  is computed based on the Biot-Savart law.
The transport current I is attenuated by the electrical resistance R which is calculated from the equivalent electrical resistivity , according to the following equation
where L is the coil inductance, and the transport current I is computed from
where A is the cross-sectional area of the HTS tape.
In the simulation, Eqs. (5), (6), and (7) are simultaneously solved with the nonlinear equivalent electrical resistivity .
HTS Coil Models
For investigation of the screening current, Figs. 1 and 2 show the shape of HTS coils (A and B), which were revealed as HTS coils with a large and a small attenuation of magnetic field in Ref. [1] . The HTS coils are wound with YBCO tape, whose specifications are shown in Table 1 , and Fig. 3 shows the J c -B- characteristic of the HTS tape used in this paper.
The HTS coil A has 5 layers and 72 turns each layer as shown in Fig. 1 . Table 2 shows the specifications of the HTS coil A. The critical current I c is 244 A, and Fig. 4 shows the distribution of the magnetic field generated by the HTS coil A at I = I c . Fig. 5 shows the magnetic field perpendicular to the HTS tape surface at I = I c , which corresponds to the radial component of the magnetic field generated by the HTS coil A.
The screening current of the middle layer of the HTS coil A hardly flows because the magnetic flux does not penetrate the HTS tape in total. Therefore, the current simulation in only the first and the second bottom layer was carried out in the case of the HTS coil
A.
The HTS coil B has 2 layers and 248 turns each layer as shown in Fig. 2 , and the specifications of the HTS coil B is shown in Table 3 . Fig. 6 shows the magnetic field perpendicular to the HTS tape surface at I = 256 A (= I c ). It is well known that a flat shape of HTS coil prevents a large magnetic field from penetrating the HTS tape surface [4] . Therefore, a small screening current in HTS coil B would be induced as compared to HTS coil A [1] . The current simulation in only the bottom layer was carried out because of the symmetry.
Simulation Results and Discussion

HTS Coil A with Large Attenuation of Magnetic Field
In the simulation, the transport current increases to (I peak =) 220 A, the HTS coil A generates (B 0 =) 2.63 T at magnet center. Fig. 7 shows the time-varying transport current I and the coil resistance R. As shown in Fig. 7 , it is observed that the transport current attenuates 28.6%. The electrical resistance of the HTS tape begins to appear at I = 205 A. Although the critical current I c is 244 A, the transport current finally converges
to (I f =) 157 A. Fig. 8 shows the time-varying center magnetic field B 0 . The center magnetic field also attenuates 28.6%. However, it is seemed that the decrease of the transport current is too fast. It is strongly dependent on a coil inductance L and E-J characteristics, so more investigations are necessary with respect to the E-J characteristics.
In the next simulations, the peak transport current I peak of 210 and 250 A are also investigated, and these results are also shown in Fig. 7 . In the case of I peak = 210 A, the reduction of the transport current is small due to a small electrical resistance. On the other hands, a large electrical resistance appears since the current of 250 A exceeds the critical current of HTS coil A. However, the convergent transport current I f is 155 A similar to that of the peak transport current I peak of 220 A. resistance continuously appears on the same way. During the attenuation of the transport current, the screening current is large enough so that the transport current decreases below the critical current. And then, when the electrical resistance and the screening current is small enough the attenuation of the transport current stops, as shown in Fig. 9 (c).
The attenuation of the center magnetic field is revealed in the simulation results.
When an HTS coil is charged close to a critical current, a screening current is induced and then an electrical resistance appears. Because of the electrical resistance the transport current attenuates. The attenuating transport current varies the magnetic field penetrating into the HTS tape surface. The time-varying magnetic field again generates the screening current and the electrical resistance. Consequently, the transport current converges below the critical current. The larger the transport current flows, the larger the transport current is reduced. Fig. 10 and Table 4 show the converged value I f of the transport current and the reduction rate .
HTS Coil B with Small Attenuation of Magnetic Field
When the transport current increases to (I peak =) 220 A, the HTS coils B also generates 2.63 T at magnet center [1] . Fig. 11 shows Fig. 12 (a) .
The net current density, which consists of the screening and the transport current, exceeds the critical current density on the bottom edge, so that the large electrical resistance appears. While the transport current is attenuating, the screening current also flows in the opposite direction, as shown in Fig. 12 (b) . During the attenuation of the transport current, the screening current is large enough so that the transport current decreases below the critical current. And then, when the electrical resistance and the screening current is small enough the attenuation of the transport current stops, as shown in Fig. 12 (c) .
The screening current density of HTS coil B is slightly smaller than that of HTS coil A, comparing Fig. 9 (a) to Fig. 12 (a) . It is apparent that the screening current depends on the shape of HTS coil. However, a reduction rate of transport current depends on an electrical resistance resulting from the screening current as well as a coil inductance.
Conclusion
The simulation of screening currents was carried out using the 2D finite element method. The screening current and the transport current were separately formulated because the screening current was dependent on temporal variation of magnetic field while the transport current was not. With the large aspect ratio of thin HTS tapes taken into consideration, the HTS tapes were modeled in a 2-D way.
In simulation, a transport current, which was assumed to be supplied from a constant voltage mode power source, attenuates due to an electrical resistance that appears at a local spot within an HTS magnet when a total current consisting of the transport and the screening currents exceeds a critical current at the local area. The electrical resistance causes the attenuation of the transport current and thereby the transport current decreases below the critical current of HTS coil. It is apparent that the larger the transport current flows, the larger the reduction of the transport current is. Moreover, the screening current depends on the shape of HTS coil and the reduction rate of the transport current depends on the electrical resistance resulting from the screening current as well as the inductance of HTS coil.
In future, it is necessary to investigate the relationship between E-J characteristic and screening current. It is also necessary to investigate influence of final current density distribution on homogeneity of a magnetic field for MRI and NMR. In addition, a design method of HTS coil should be developed to reduce the screening current. 
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